We demonstrate a novel laser-based approach to perform rapid prototyping of active and passive circuit elements called MAPLE DW. This technique is similar in its implementation to laser induced forward transfer (LIFT), but different in terms of the fundamental transfer mechanism and materials used. In MAPLE DW, a focused pulsed laser beam interacts with a composite material on a laser transparent support transferring the composite material to the acceptor substrate. This process enables the formation of adherent and uniform coatings at room temperature and atmospheric pressure with minimal post-deposition modification required, i.e., ≤ 400°C thermal processing. The firing of the laser and the work piece (substrate) motion is computer automated and synchronized using software designs from an electromagnetic modeling program validating that this technique is fully CAD/CAM compatible. The final properties of the deposited materials depend on the deposition conditions and the materials used, but when optimized, the properties are competitive with other thick film techniques such as screenprinting. Specific electrical results for conductors are < 5X the resistivity of bulk Ag, for BaTiO 3 /TiO 2 composite capacitors the k can be tuned between 4 and 100 and losses are < 1-4%, and for polymer thick film resistors the compositions cover 4 orders of magnitude in sheet resistivity.
Introduction
There is a strong need in industry for new design and Just In Time Manufacturing (JITM) methods, materials, and tools to direct write for rapid prototyping passive circuit elements on various substrates, especially in the mesoscopic regime, i.e., electronic devices that straddle the size range between conventional microelectronics (sub-micronrange) and traditional surface mount components (10 mm-range). The need is based on the desire: to rapidly fabricate prototype circuits without iterations in photolithographic mask design, in part, in an effort to iterate the performance on circuits too difficult to accurately model, to reduce the size of PCB's and other structures (~30-50% or more) by conformally incorporating passive circuit elements into the structure, and to fabricate parts of electronic circuits by methods which occupy a smaller footprint, which are CAD/CAM compatible, and which can be operated by unskilled personnel or totally controlled from the designers computer to the working prototype. Mesoscopic direct write approaches are not intended to compete with current photolithographic circuit design and fabrication. Instead, these technologies will enable new capabilities satisfying next generation applications in the mesoscopic regime. Many different CAD/CAM approaches exist to direct write or transfer material patterns and each technique has its own merits and shortcomings. The different approaches include plasma spray, laser particle guidance, MAPLE DW, laser CVD, micropen, ink jet, e-beam, focused ion beam, and several novel liquid or droplet microdispensing approaches. One common theme to all techniques is their dependence on high quality starting materials, typically with specially tailored chemistries and/or rheological properties (viscosities, densities and surface tension). Typical starting materials, sometimes termed "pastes" or "inks", can include combinations of powders, nanopowders, flakes, surface coatings and properties, organic precursors, binders, vehicles, solvents, dispersants, surfactants, etc. This wide variety of materials with applications as conductors, resistors, and dielectrics are being developed especially for low temperature deposition (< 400°C). This will allow fabrication of passive electronic components and RF devices with the performance of conventional thick film materials, but on low temperature flexible substrates, e.g., plastics, paper, fabrics, etc. Examples include silver, gold, palladium, and copper conductors, polymer thick film and ruthenium oxide-based resistors and metal titanate-based dielectrics. Fabricating high quality crystalline materials at these temperatures is nearly impossible. One strategy is to form a high density packed powder combined with chemical precursors that form low melting point nanoparticles in situ to chemically weld the powder together. The chemistries used are wide ranging, but include various thermal, photochemical and vapor, liquid, and/or gas co-reactants.
The chemistries are careful to avoid carbon and hydroxide incorporation that will cause high losses at microwave frequencies or chemistries that are incompatible with other fabrication line processing steps. To further improve the electronic properties for low temperature processing, especially of the oxide ceramics, laser surface sintering is often used to enhance particle-particle bonding. In most cases, individual direct write techniques make trade-offs between particle bonding chemistries that are amenable with the transfer process and direct write properties such as resolution or speed. The resolution of direct write lines can be on the micron scale, speeds can be greater than 100 mm/sec, and the electronic material properties are comparable to conventional screen-printed materials. Optimized materials for direct write technologies result in: deposition of finer features, minimal process variation, lower prototyping and production cost, higher manufacturing yields, decreased prototyping and production time, greater manufacturing flexibility, and reduced capital investments. 
Background
Shortly after the discovery of lasers researchers representing all disciplines of science began aiming them at materials in different forms. The interaction of lasers with materials can result in a wide range of effects that depend on the properties of the laser, the material, and the ambient environment. As a function of beam energy, these effects can start from simple photothermal heating to photolytic chemical reactions and to ablation and plasma formation. We have successfully extended conventional PLD to include organic materials through a process we have termed Matrix Assisted Pulsed Laser Evaporation or MAPLE [1] [2] [3] [4] . In this process, the excimer laser is set to a lower fluence (~0.2 J/cm 2 ) from conventional PLD and impacts a dilute matrix target that is typically frozen to low temperatures (~77 K). The dilute matrix is made up of the organic molecules to be deposited in thin film form and a frozen solvent. Ideally, the laser is then preferentially tuned to interact with the solvent matrix, but independent of that, the laser warms a local region of the target. The laser-produced temperature rise is large compared to the melting point of the solvent, but small compared to the decomposition temperature of the organic solute. When the MAPLE process is optimized, the collective collisions of the evaporating solvent with the organic molecule act to gently desorb the organic molecule intact, i.e., with only minimal decomposition as determined by FTIR and mass spectrometry. The evaporating solvent has a near zero sticking coefficient with the substrate and is rapidly pumped away or it can be trapped for re-use. LIFT is a simple direct write technique that employs laser radiation to vaporize and transfer a thin film (target) from an optically transparent support onto a substrate placed next to it [5] [6] [7] [8] [9] [10] [11] . Patterning is achieved by moving the laser beam (or substrate) or by pattern projection. The former is a method of direct writing patterns. There are several experimental requirements for LIFT to produce useful patterns including: the laser fluence should just exceed the threshold fluence for removing the thin film from the transparent support, the target thin film should not be too thick, i.e., less than a few 1000 Å, the target film should be in close contact to the substrate, and the absorption of the target film should be high. Operating outside these regime results in problems with morphology, spatial resolution, and adherence of the transferred patterns. Repetitive transfer of material can control the film thickness deposited on the substrate. LIFT is a simple technique that is used on mostly metallic targets, because the laser energy absorbed in the coated substrate atomizes the layer making LIFT inherently a pyrolytic technique. It cannot be used to deposit complex crystalline, multicomponent materials whose crystallization temperature is well above room temperature. The MAPLE DW technique utilizes the technical approach of LIFT and the basic mechanism of MAPLE to produce a laser driven direct write process capable of transferring materials, such as metals, ceramics, and polymers onto polymeric, metallic and ceramic substrates at room temperature and at atmospheric pressure and with a resolution on the order of 10 µm [12] [13] [14] . MAPLE DW uses a highly focused laser beam that can be easily utilized for micromachining, surface annealing, drilling and trimming applications, by simply removing the ribbon from the laser path. The flexible nature of MAPLE DW allows the fabrication of multi-layered structures in combination with patterning. Thus, MAPLE DW is both an additive as well as subtractive process. MAPLE DW can also be adapted to operate with two lasers of different wavelengths, whereby the wavelength from one laser has been optimized for the transfer and micromachining operations, i.e., the UV laser, while the second laser is used for modifying the surface as well as annealing of either the substrate or any of the already deposited layers (i.e., IR or visible).
In MAPLE DW, a laser transparent substrate such as a quartz disc is coated on one side with a film a few microns thick. The film consists predominantly of a mixture or matrix of a powder of the material to be transferred and a photosensitive polymer or organic binder. The polymer assists in keeping the powders uniformly distributed and well adhered to the quartz disc. The coated disc is called the ribbon and is placed in close proximity (5 to 100 µm) and parallel to the acceptor substrate. As with LIFT, the laser is focused through the transparent substrate onto the matrix coating, see Figure 1 . When a laser pulse strikes the coating, it transfers the powders, nanoparticles, and precursors, to the acceptor substrate. Using MAPLE DW, the material to be transferred is not vaporized allowing complex compounds to be transferred without modifying their composition, phase, and functionality. Furthermore, there is no heating of the substrate on which the material is transferred. Both the acceptor substrate and the ribbon are mounted onto stages that can be moved by computer-controlled stepper motors. By appropriate control of the positions of both the ribbon and the substrate, complex patterns can be fabricated. By changing the type of ribbon, multicomponent structures can easily be produced.
Experimental
Fused silica quartz disks, 5.0 cm diameter x 1.5 mm thick were used as ribbon supports. Precursor Ag metal and BaTiO 3 (barium titanium oxide (BTO)) materials were applied to the quartz disk using conventional deposition techniques with a resultant thickness ranging from 1.5-10 µm. Ribbons are difficult to fabricate and the precursors must transfer without significant decomposition. On the other hand, by using ribbons we can effectively "quantize" the material transferred making MAPLE DW coatings highly reproducible. Each laser pulse deposits an identical mesoscopic "brick" of electronic material. In addition, the laser fires 100 thousand times a second synchronously with the computer-controlled stages thereby depositing the bricks very fast.
The size distribution of the Ag spherical particles ranged from 400 nm to 2 µm. The BTO particles ranged from 125 to 175 nm with a TiO 2 precursor. For all the transfers described in this paper, a computer-controlled stage (Z-stage) was used to control the relative travel and positioning of the substrate relative to the ribbon, as shown in Figure 2 . The substrate to ribbon gap was set at 50 and 75 µm for the Ag and BTO transfers respectively. Both the substrate and ribbon were held in place using a vacuum chuck over the X-Y substrate translation stage. The third harmonic of a pulsed Nd:YAG laser (355nm, 15 ns pulse width) was used for all transfer experiments. By changing the aperture size, beam spots ranging from 20 to 80 µm were generated. The laser fluence was estimated by averaging the total energy of the incident beam over the irradiated area to be 1.6 -2.2 J/cm 2 . Various substrates were used for the transfer experiments including silicon, glass, alumina, and polyimide. Transfer tests were performed using Ag and BTO ribbons over each of these substrates. The adhesion of the transferred was excellent on all substrate materials after proper deposition parameter optimization as determined by standard tape tests. Figure 6 . SEM micrographs of MAPLE DW of BTO on an interdigitated capacitor structure. Cross-section micrographs (b), (c), and (d) reveal that the material is uniform, dense and exhibits low matrix porosity.
Results and Discussion
Silver lines were fabricated as shown in Figure 1 using Ag ribbons 3 µm thick, with a size distribution ranging from 400 nm to 2 µm in diameter. Figure 3 illustrates a 40 µm wide line that is ~6 µm thick written with two passes with MAPLE DW on a kapton substrate. Figure 3(a) shows that the line morphology is uniform and the aspect ratio is within 20% as shown in (c). Figure 3(b) and (d) show that the MAPLE DW process can clearly produce lines with high density and uniform thickness. In addition to density and conductivity, the adhesion of the written devices is important as well. Figure  4 shows the results of a scotch tape testing experiment performed on Ag lines written on a glass substrate. Figure 4 (a) and (b) show SEM micrographs prior to tape application, whereas (c) and (d) show SEM micrographs after the tape has been removed. The Ag lines survived the tape test. On closer inspection, it can be observed partial polymer glue from the tape is still left on the line from the pull off, showing that the metal line has a degree of "self adhesion" in addition to the general concern at the glass/metal line interface. Figure 7 . Properties of capacitors fabricated by MAPLE DW in both interdigitated (ID) and parallel plate (PP) geometries. A range of compositions are shown: A) commercial BTO powder 2-3 µm diameter (irregular shaped), no precursor, B) 150 nm BTO (spherical), 100 nm titania (spherical), no precursor, C) 150 nm BTO (spherical), no precursor, D) 150 nm BTO (spherical), titania precursor Figure 5 shows the current progress at NRL in terms of conducting metal lines, without laser annealing. The two parameters listed, conductivity and line width are shown for qualification. Figure 5 compares two of the current Ag materials, compositions A, B. The differences in the materials range in amount of precursor, shape, and thickness. Currently, using MAPLE DW we have written adherent lines with 4X bulk conductivities that are uniform and reproducible on glass, alumina, kapton, and silicon substrates.
Dielectric materials were written in both line and device arrangements, such as the interdigitated capacitor structure shown in Figure 6 . Interdigitated capacitor structures (1 mm x 1 mm) were fabricated by writing BTO precursor materials onto a typical interdigitated capacitor finger structure. The material composition was 70% 150 nm BTO powder (spherical), 30% titania precursor. The metal fingers were fabricated by conventional lithography techniques. Figure 6 (a) shows a low magnification SEM image of the interdigitated capacitor device structure deposited on an alumina substrate with Pd metal fingers. The density of the transferred material (post-transfer furnace anneal at 280°C) is clear from SEM micrographs in Figure 6 (b) and (c), including the Pd metal fingers. Figure 6 (d) shows a high magnification SEM micrograph of the fracture cross-sectioned region. The packing density is uniform with clear evidence of the TiO 2 precursor filling the voids between the particles. Device measurements made on these materials have shown that depending on the precursor choice, particle size, composition, and processing parameters, devices with a wide range of dielectric properties can be fabricated by MAPLE DW as shown in Figure 7 .
It is clear that the material and precursor choice and amount significantly affect the final properties of the capacitor structures illustrated above. The importance of the as-deposited density is more generally critical to all electronic materials for device performance. The effect of density or microstructure on different passive components and the parallel effect on device performance are given in Table I . In all cases, the density degrades the electrical performance. For conductors and resistors this is directly proportional to the cross-sectional area, but for dielectrics the dependence is exponential and based on the relative packing of different k materials, i.e., air and BTO in our case. For ferrites this will also result in a higher coercive field, H c . The temperatures that these samples and in particular the precursors are reacted is < 400°C. One way to effectively increase the processing temperature, but still maintain low temperature processing for plastic substrates, is to use ex situ laser surface sintering. Bulk diffusion is not going to occur for the short times that the laser sinters the sample. The low reacting temperature precursors provide "chemical welding" between particles (particle-to-particle adhesion). By using in-situ laser sintering, some of the following benefits may be realized: smaller/thinner region to sinter, less organic to remove, lower sensitivity to laser fluence, faster and better alignment, less thermal stress to the substrate, and lastly, less processing steps will result in a higher yield. We are modifying our current experimental set-up to include laser sintering. This will done in situ with an acoustic modulated CW Nd:YAG laser.
Conclusion
We have demonstrated that MAPLE DW is a rapid and versatile prototyping tool for fabricating mesoscale devices (conductors, resistors, capacitors, inductors, phosphors, sensors) in a 3-D structure on any surface. The material transfer works as predicted. It is clear that the process is probably more gentle and general than previously thought, but the MAPLE DW mechanism requires further research. There are many advantages to MAPLE-DW compared to other existing direct write technologies for 3D-structure fabrication. These advantages include the ability to do adherent depositions at room temperature and in air and the ability to rapidly change between different materials. The latter is accomplished because MAPLE-DW is a dry technique meaning there is no interval of time required for transferring one layer on top of another. We have shown that ceramic powder, nanoparticles, and precursor composites need to be densified through laser sintering. Therefore, we need low reacting temperature precursors to work with the proper laser annealing parameter both in the spatial and temporal regimes.
